Abstract The aim of this work was to evaluate a device that allows for eccentric overload to be applied under controlled and safe conditions and it is applicable in exercises commonly used in training and rehabilitation. The machine contains a barbell, which is lowered and raised by a motor, following a predetermined velocity profile. It is capable of handling heavy loads (>500 kg) and is instrumented with a sensor to measure the velocity of the barbell and two scales to measure the vertical component of the ground reaction force. The velocity recordings of the built-in displacement sensor were found to correspond well with those obtained using a motion-capture system. Applying known weights on each scale demonstrated linearity with respect to magnitude and independence regarding location of application. The velocity of the barbell was found to be dependent on the load on the barbell and on the resisting force produced by the individual training in the machine. The combined man-machine reliability was tested using a group of habitually active males (n=13, 28-55 years) performing squats. Peak voluntary resisting force and position at peak resistance were recorded on two occasions, showing no significant differences and a coefficient of variation of 9% and 22%, respectively. Preliminary observations from training in the machine have been positive both for increasing performance in top athletes and for causing pain relief in patients with diffuse knee problems. The possibility of feedback of the force under each foot makes individual dosage of training load possible, which is valuable, e.g. in rehabilitation of a unilateral injury.
Introduction
An eccentric muscle action, i.e. an activated muscle undergoing lengthening, is an integral part of our movement repertoire. The function of such an action is to resist an imposed load and control an ongoing movement. It is well established that the maximal force produced by a muscle during an eccentric action exceeds that of a concentric, shortening one. This basic knowledge has promoted eccentric actions as essential parts of training programs to improve neuromuscular performance in sports as well as in rehabilitation (Aagaard and Thorstensson 2003; LaStayo et al. 2003) . Even if there is not a complete consensus in the literature, there are a number of studies reporting superiority of eccentric training regimes in improving muscle strength and volume (Hortobagyi et al. 2001; Seger et al. 1998) . In rehabilitation, evidence is accumulating indicating a beneficial effect of eccentric exercises for tendinopathies of the patella tendon (Cannell et al. 2001; Cook and Khan 2001; Stanish et al. 1986 ) and Achilles tendon (Alfredson et al. 1998; Silbernagel et al. 2001) .
Applying eccentric loading under controlled conditions provides a methodological problem, which is accentuated by safety requirements when handling extreme loads. In most studies on eccentric training, isokinetic dynamometers have been used. By means of strong electric or hydraulic motors and velocity feedback, supra-maximal loads can be applied under constant velocity conditions. Generally, such dynamometers only involve a single joint, which may constitute a limitation as far as functionality is concerned. On the other hand, when more complex movements and loadings are attempted, there are often problems related to control of speed, standardization of the movement and ability to apply a high enough load simply and safely.
The aim of this study was, therefore, to evaluate a dynamometer that would provide functional eccentric overloading under standardized conditions.
Methods

Machine design and function
The main components of the device (Bromsman) are shown in Fig. 1 . Loads are applied on an Olympic barbell (20 kg), which is supported by two galvanic steel wires (Gunnebo Lifting, Ö stersund, Sweden). The wires are 8 mm in diameter and consist of 126 fibres with total steel cross sectional area of 26.1 mm and a minimum fracture load of 41.1 kN. Each wire is attached with three wire locks at both ends in accordance with the manufacturer's specification. The barbell can travel a distance of 1.70 m, i.e. between 0.40 m and 2.10 m above the support surface. The wires are attached to a hydraulic cylinder. A hydraulic pump generates the pressure needed to lift the barbell and an adjustable hydraulic valve controls the velocity of the barbell. One of the wires runs past the wheel of a rotary sensor, which measures the displacement of the barbell. The hydraulic valve can be continuously adjusted. The fully open valve corresponds to a velocity of 0.6 m s À1 with a heavy load on the barbell (320 kg). A minimum load of 70 kg is required to lower the barbell and as much as 550 kg has been used for training. When the machine is not in use, the barbell rests on two Y-shaped steel constructions, which also function as safety stops.
The vertical component of the ground reaction force beneath the sole of each foot is measured using two industrial scales (Industriva˚gteknik AB, Ulricehamn, Sweden). The size of each scale is 0.48·0.77 m and the distance centre-to-centre is 0.54 m. The maximal range for each scale is 4,500 N. Each scale has a display unit, which also provides digital output of the measurements. The display units, as well as the displacement sensor, interface with a PC through serial ports. The position and force data are collected at 16.3 Hz. On the basis of these data, measures such as velocity, mechanical power and work, peak and mean force and time to peak force are computed and displayed.
The PC provides real-time feedback by means of a screen showing two bars that indicate the vertical component of the ground reaction force under each foot. The purpose of this feedback is to enable a controlled distribution of the load, e.g. to target the weaker limb. This information is also presented to the operator as two time plots. The information can be stored and a report can be printed. The body weight can be deducted from the force reading, which then gives a measure of the resistance produced. The PC also provides an interface for the operator to control the settings of the machine. The settings are: top position (start), bottom position, velocity, braking distance and the time between repetitions. The velocity setting has a continuous range corresponding to the opening of the hydraulic valve. For practical purposes, five valve settings were chosen, named ''low'', ''medium-low'', ''medium'', ''medium-high'' and ''high''.
Evaluation of the machine
The first sets of tests were performed with the barbell moving freely without the influence of a person training in the machine. The bottom position was set to 0.5 m below the top position. To validate the displacement sensor in Bromsman, the velocity was measured at twenty different levels between 0.08 m s À1 and 0.4 m s À1 . At each level, the measurements were repeated three times. The movement of the barbell was recorded both with the built-in displacement sensor in Fig. 1 A subject squatting in Bromsman. The machine consists of an Olympic barbell (A) suspended from two steel wires (B). The subject stands on two scales (C). Two Y-shaped steel constructions (D) serve both as safety stops and as rests for the barbell the machine and using a motion capture system (ProReflex, Qualisys Medical AB, Gothenburg, Sweden) with three cameras. A single reflective marker was attached to one end of the barbell. The cameras were positioned at distances of 2, 3 and 3 m, symmetrically with respect to the end of the barbell, and with an angle of 90°between the outermost cameras. The trajectory of the marker spanned most of the field of view. The 3D movement of the marker was captured at 150 Hz, and low-pass filtered at 40 Hz using a zero-face eighth order Butterworth filter. The velocity was then estimated using the central difference (v(t)=(x(t+1)Àx(tÀ1))/2Dt, Dt=0.0067 s). The phases of initial acceleration and of constant velocity were identified by visual inspection of the velocity plot. The durations of the phases were recorded, and the average velocity was computed for the constant velocity phase. In addition, the measurements were used to investigate how well the machine can reproduce a given position. The vertical velocity was also estimated from the recordings of the displacement sensor. The velocity was calculated via the central difference, (Dt=0.061 s) and the constant velocity region identified visually. Means from the three repetitions measured with the displacement sensor were compared to the corresponding means from the measurements using the motion capture system.
A test was designed to investigate the vertical velocity profile, and how it depends on the load on the barbell and the setting of the hydraulic valve. The loads were applied in a passive manner and the weights were moved freely by the dynamometer. Five different loads (120-320 kg) were tested at the five different settings of the hydraulic valve. These test cases cover the range mostly used in practice. Each combination of load and valve setting was repeated six times. At the ''high'' setting and heaviest load, the test was done only three times to avoid damage of the machine. The data were also used to check the bottom position against the prescribed value. The Friedman test and Kendall's coefficient were used to test whether the loads had an effect on the velocity.
In a separate test, the velocity was measured at different oil temperatures, ranging from 22.5°C to 42.3°C. This covers the range of temperatures observed in regular use of the machine. The load on the barbell was 220 kg and the valve setting was ''low''.
To evaluate the linearity of the scales, weights (competition grade free weights) of 20.0, 40.0 and 80.0 kg were placed at the centre of each scale. The effect of offcentre application of the load was tested by placing the weights (20.0 kg, 40.0 kg) 0.15 m from the edge at each corner. Each measurement was repeated ten times.
Evaluation of machine and man
An experiment was performed to investigate how the velocity was influenced by the resistance of the individual during lowering of the barbell. Seven habitually active men (mean ± SD 38±11 years; 1.81±0.07 m, 83±8 kg) performed squats with two different loads, 220 kg and 320 kg, at the same valve setting (''low''). The subjects did three sets of three repetitions at each load and they were instructed to vary the resistance they produced against the descending barbell.
In addition, test-retest reliability was investigated on a group of 13 habitually active men (mean ± SD 40±9 years; 1.84±0.06 m, 88±11 kg). The subjects were tested for maximal eccentric leg extensor strength in squatting on two occasions, 2 weeks apart. The test procedure consisted of three sets of three repetitions with 4-min rest between each set. The subjects were instructed to produce sub-maximal resistance during the first two sets, and maximal resistance during the third set. They were instructed to increase the resistance gradually during the initial 10 cm (approximately) of lowering the barbell. During the rising phase, they followed the barbell without assisting or resisting the movement. The load on the barbell (220 kg) and the setting (''low'') were the same for all tests. The peak resisting force and position of the barbell at peak force were recorded. The Wilcoxon matched-pairs sign rank test was used to test the difference between the test and retest results. Reliability is reported using the correlation coefficient (r), the coefficient of variation (within-subject standard deviation divided by the group mean) and the intra-class correlation (ICC). ICC was computed using a one-way ANOVA model with repeated measurements (Shrout and Fleiss 1979) . Level of significance was chosen to be 95%.
Results
Machine
There was a linear relation between the velocity measured with the motion capture system and the displacement sensor (Fig. 2) . The relationship was near identity Vsensor=0.986 Vmocap + 0.006. The prediction ability of the linear model was tested and found significant with P<0.001. The machine was able to reproduce a given top (start) position with a standard deviation of 10 mm. Figure 3 shows three examples of velocity profiles for different valve settings. From the figure and from Table 1 , it can be seen that the distance needed to accelerate the barbell increases with increasing end velocity, thus leaving less distance for the constant velocity phase. Decelerating the barbell required less than 0.04 m for all the cases tested. Figure 3 also shows that the barbell does not turn at the exact bottom position. The discrepancy in the bottom position for different load and valve setting is reported in Table 2 . Figure 4 and Table 3 show how the velocity during the constant velocity phase depends on the load of the barbell and setting of the valve. The results demonstrate that an increase in load gives an increase in velocity for a given valve setting. The Friedman test on the rank between trials with different load on the barbell showed a significant difference and a Kendall's coefficient of concordance of 0.97. The velocity increases with increasing oil temperature as shown in Fig. 5 . The mean velocity at 42°C was 6% higher than at 23°C. Figure 6 shows that the scales give accurate measurements. The means are close to the line of identity, and the maximum systematic error (difference between sample mean and the true value) was 0.4%. The scales showed little sensitivity to off-centre application of the load. Maximum systematic error of eight application points was 0.3% and the maximum standard deviation 0.4%.
Machine and man
With an increasing resistance to the downward movement of the barbell, the velocity decreased as shown in Fig. 7 . The velocity was more sensitive to the resisting force at a lower load on the barbell. From the regression lines it can be observed that for 220 kg the decrease in velocity, compared to the velocity of the free moving (Table 3) , was 64% at a resistance of 2,000 N, whereas for 320 kg the corresponding decrease was 35%. Figure 8 shows results for the test-retest reliability. The mean (±SD) peak force for the subjects were, at the first test, 1,816±266 N, and at the retest 1,922±362 N.
Corresponding measures for the position of peak force were 13.2±3.7% body height for the first test and 11.8±3.4% body height for the retest. There was no significant difference between the two test occasions. P values were <0.22 for peak force and <0.17 for position of peak force. The coefficient of variation between the test occasions was 9% for peak force and 22% for position of peak force. The correlation measures were r=0.74 and ICC=0.81 for peak force, and r=0.43 and ICC=0.57 for the position of peak force. Fig. 8 Individual values (n=13) of peak force and position for peak force from the two test occasions separated by 2 weeks. The position of peak force is measured from the top and is expressed as percentage of body height Fig. 5 The velocity of the barbell plotted against temperature of the hydraulic oil. The solid line shows the trend, and the dotted lines indicate limits within which 50% of predictions will fall. The velocity was measured with the built-in displacement sensor Fig. 7 The velocity of the barbell plotted as a function of the resisting force produced by individuals in the machine. Data for two different test cases are shown: with 220 kg (circles) and with 320 kg (crosses) on the barbell. The hydraulic valve was set to ''low''. Dotted lines indicate limits within which 50% of predictions will fall. The velocity was measured with the built-in displacement sensor Fig. 6 The plot shows mean values of ten force measurements at three levels of applied force on the scales
Discussion
Machine
The results presented in Figs. 2 and 5 show that the data acquisition systems of the machine produced valid data. The variation of the velocity estimates from the built-in displacement sensor is mainly due to the low resolution and low sampling frequency (16.3 Hz). When computing the average velocity over shorter time intervals, such as the constant velocity phase for the higher valve settings, the low sampling frequency causes variations as seen in Fig. 4 . This variation should not be interpreted as variation in the actual velocity of the barbell. Note the much smaller variation using data from the motion capture system in Fig. 4 . A data acquisition system with higher sampling rate would improve the machine. The validity of the scales was established by applying known forces up to 785.6 N (mass of 80 kg). This is lower than the maximal ground reaction force that can be produced. However, the manufacturer specifies a linearity error of 0.01% at maximum load, so it appears safe to assume that the scales give valid measurements above 785.6 N as well.
Starting from the top position, the barbell will accelerate until reaching a final velocity, which is near constant for a period until the barbell decelerates near the bottom position. Figure 3 and Table 1 show that the distance needed to accelerate the barbell varied from 0.03 m to 0.4 m, the distance increasing with increasing end velocity. The distance needed to decelerate was less than 0.04 m for all different settings. The discrepancy in the bottom position (see Table 2 ) is due to the fact that the control system does not compensate for the differences in the momentum of the moving barbell at the different settings. This needs to be taken into account when setting the bottom position of the machine.
The data presented show that there are two main sources of variation of the velocity for a given combination of load and valve setting, namely, the pulling force on the wires and the temperature of the hydraulic oil. Increasing the load gives an increase in the velocity. However, a disered velocity can be obtained for a range of loads by tuning the valve setting.
The oil temperature increases with use and levels off at about 43°C. This takes about 140 repetitions of continuous use. After turning off the machine, the temperature stays at the same level for about half an hour. In practical use while testing, the machine should be used at a limited predetermined temperature range, whereas during training, the specific temperature may not be so critical. The relation between temperature and viscosity of the oil (and hence barbell velocity) is specific for the type of oil currently used in the machine. Oil that is less temperature sensitive could be used, or the temperature could be held constant by a temperature regulator installed in the hydraulic system. By tuning the valve setting, it is possible to compensate for the current oil temperature and obtain a certain barbell velocity.
Machine and man
The resistance from the individual in the machine causes a decrease in the velocity, which currently cannot be compensated for, since there is no velocity feedback control mechanism in the machine. In order to maintain as constant a velocity as possible, a large load should be applied on the barbell. On the other hand, a large mass will behave differently than a small mass when suspended from the wires. The larger the mass, the lower the natural frequency of the barbell ''pendulum''. This may affect the squatting technique of the person. A small mass may result in a movement that is closer to that of lifting free weights, where more balance and coordination is required. Involvement of the postural control and activation of the trunk muscles is an integral part of the squat exercise, and will probably also be influenced by the load applied. Moreover, a large load on the barbell can have a psychological effect, which may alter the squatting technique.
Replacing the scales with force plates would enable the measurement of forces in 3D as well as the centre of pressure. This could be used as visual feedback to control the movement and as input for further analysis. The ''low'' valve setting with moderate load (220 kg) is recommended for rehabilitation training, whereas higher load and velocities are useful for high performance training. The load should be chosen according to the actual strength of the patient or trainee.
There was no significant difference between the test and retest data. The results showed that the variation between the two test occasions was of a similar magnitude as reported earlier for reproducibility of concentric strength performance in squat (Munich et al. 1997; Wilson et al. 1997) . Relevant reliability data for eccentric strength performance in squat are lacking. Testretest reliability of single-joint isokinetic strength assessment, such as peak knee extension torque, tends to be higher (Abernethy et al. 1995) with no major differences between concentric and eccentric actions (Seger et al. 1988) . A larger within-subject variation is to be expected for a multi-joint movement. However, strength performance in a multi-joint movement, such as squat, appears to be more valid from a functional point view.
Applications and preliminary observations
Bromsman has been used for high performance training and rehabilitation, at the Elite Sports Centre (Boso¨n, Sweden) utilizing the ability for eccentric training with high loads (up to 550 kg). Athletes at national and international levels in alpine skiing, ice hockey, football, track and field, and weight lifting have used the machine to train squat, bench press and heel raise with no injuries during training. Thus, the machine appears to provide a highly safe way to apply eccentric overload. Since the machine has variable velocity and visual feedback of the load distribution, it is also useful for technique training.
The machine has been used in treatment of patients with patellar-and Achilles-tendinopathy problems. Our clinical experience indicates that patients with diffuse knee problems can experience pain relief and increased muscle strength with eccentric training in the machine. For patients with the diagnosis of patellar tendinopathy, a prospective and randomized study is in progress. The actual load on individual joints and muscles while performing squats in the machine are unknown and will be the topic for further investigation.
